In this work, Eu x Bi 1-x Sr 2 CaCu 2 O 6.5 (where x = 0, 0.3, 0.5) samples were prepared by solid-state reaction method and sintered at 950°C for 24 h. The structural characterizations were done by X-ray diffraction, X-ray fluorescence, scanning electron microscope and Fourier transformed infrared spectroscopy. The thermal stability of the samples was also analysed by thermogravimetric TG and DTA measurements. It was shown that Eu 0.5 Bi 0.5 Sr 2 CaCu 2 O 6.5 sample exhibited high dielectric constant and low dielectric loss relative to BiSr 2 CaCu 2 O 6.5 material. Thus, the dielectric loss was lowered by heavy rare earth metal substitution on Bi-Sr-Ca-Cu-O ceramics while the dielectric constant still remained high. Temperature-dependent complex electrical modulus spectra obtained between 296 and 433 K also revealed the temperature-activated relaxation process in the materials which can be attributed to the Maxwell-Wagner type polarization effect. Ultimately, it was suggested that the Eu 0.5 Bi 0.5 Sr 2 CaCu 2 O 6.5 ceramics may have a promising potential for applications which require high dielectric constant with a low dielectric loss.
I. Introduction
High-performance dielectric materials, known as high dielectric constant materials (ε ′ ≥ 10 3 ), are expected to play increasingly important roles in the next generation of electronics and large scale integrated microelectronics technology. In recent years, a great number of studies have focused on the production of new, high quality and high-k gate dielectrics on semiconductors surface. Silicon dioxide (SiO 2 ) is the most used dielectric gate material in electronics, but the thermally grown SiO 2 has many disadvantages in microelectronics, such as thermodynamically and electrically unstable high-quality interface state density [1] . In this context, the preparation of new materials, which both extend the limits of silicon dioxide and have better electrical insulation properties, has become increasingly important.
Silicone-based ceramic materials, such as HfSiO 4 , ties of BiSr 2 CaCu 2 O 6.5 , belonging to the same family, have not been examined until now. In this study, we have focused on the related Bi-based copper oxide layered ceramic perovskite material and the improvement of its dielectric properties. For this purpose europium, i.e. heavy rare earth element, partially substituted BiSr 2 CaCu 2 O 6.5 materials have been prepared for the first time. While pure BiSr 2 CaCu 2 O 6.5 material has high dielectric constant and very high dielectric loss, europium substituted BiSr 2 CaCu 2 O 6.5 ceramics have higher dielectric constant and lower dielectric loss relative to pure BiSr 2 CaCu 2 O 6.5 . O 6.5 was synthesized by conventional solid-state reaction method summarized in Fig. 1 . The starting precursor powders (Bi 2 O 3 , SrO, CaO and CuO) were mixed in appropriate stoichiometric ratios which give BiSr 2 CaCu 2 O 6.5 and then ground in an agate mortar for 2 h. The resultant powder was pressed into a pellet under the pressure of approximately 10 9 Pa. The pellet was placed in Al 2 O 3 crucible and heated at a rate of 1°C/min to 950°C for 24 h in an atmospheric environment. The sample was ground for 15 min to obtain fine powder mixture which was again pressed into a pellet. Finally, the pellet was sintered at 950°C for 24 h in an atmospheric environment. Similar procedure was used for preparation of Eu substituted Bibased materials. The Eu substituted Bi-based ceramics (Eu x Bi 1-x Sr 2 CaCu 2 O 6.5 where x = 0.3 and 0.5) were prepared by mixing Eu 2 O 3 , Bi 2 O 3 , SrO, CaO and CuO powders in appropriate stoichiometric ratios. The mixtures were ground in an agate mortar for 2 h and then the Eu substituted Bi-based samples were obtained by using the same process given in Fig. 1 .
II. Experimental

Characterization techniques
The Fourier-transformed infrared (FTIR) spectra of the samples were measured by NICOLET iS10 FTIR spectrometer (Thermo Fisher Scientific, USA) operated in transmission mode with the spectral region from 4000 to 500 cm -1 .
Chemical analyses of the pure BiSr 2 CaCu 2 O 6.5 and Eu substituted BiSr 2 CaCu 2 O 6.5 powders were determined by X-ray fluorescence (XRF) measurements performed with the equipment model X-123SDD from Amptek, which carries an Au-target X-ray tube (30 kV, 100 µA). The system consists of an X-ray tube, a sample holder and a silicon drift detector at a scattering angle of 90°. Microstructure of the samples was observed by scanning electron microscope (SEM, Zeiss-EVO ® LS 10 model). Additionally, the mass densities of the samples were calculated via the Archimedes' principle by using ethyl alcohol as an immersion liquid.
The thermal stabilities of the samples were analysed by SII Nanotechnology Exstar 6000 TG/DTA6300 thermogravimetric-differential thermal analyser (TG-DTA) with programmed heating at 1°C/min from 25 to 820°C under the nitrogen atmosphere.
X-ray powder diffraction (XRD) pattern for each sample was obtained by Rigaku model XRD device (at 40 kV, 40 mA) using CuK α (1.54 Å) radiation in the range 2θ = 20-65°at room temperature. The XRD patterns of the samples were analysed by MDI Jade 6.5 program.
Impedance measurements
Impedance measurements were performed by NOVO Control Broadband Dielectric/Impedance analysers with Quatro Cryosystem in the frequency range between 1 Hz-40 MHz within the temperature interval of Figure 1 . The samples preparation steps 296-433 K. The measurements were carried out with a two-point probe technique. The samples, prepared in the form of a pellet with 1.0 cm in diameter and 1.4-1.8 mm thickness, were placed between two gold electrodes whose surfaces totally overlap the faces of the samples. The diameter of the electrode was 2.0 cm and the active electrode area was 6.283 cm 2 . The results were also transferred to a computer with GPIB data cable and simultaneously recorded by the computer.
III. Results and discussion
Structural characterization
FTIR spectra of the samples heated at 950°C are given in Fig. 2 . The band at 1444 cm -1 may be due to bending vibrations from O-H groups and the band at 1041 cm -1 can be assigned to Sr-O-Sr stretching vibra- tions. Therefore, the IR spectra confirmed the formation of SrO with hydroxyl groups due to the presence of surface water and did not exhibit bands corresponding to organic residues [6] . The band at 855 cm -1 represented Bi-O symmetrical stretching vibration in BiO 3 units [7] and 575 cm -1 was interpreted as vibrations of Bi-O bonds in the distorted BiO 6 polyhedra [8] . The characteristic band at 624 cm -1 showed the bending vibrations of the CuO crystal lattice [9] . The band observed at 586 cm -1 showed the presence of Ca− −O group in the samples [10] . The characteristic band of Eu 2 O 3 vibrations generally appears at 470 cm -1 [11] . Since the spectral measurement region of the spectrometer does not cover the wave numbers smaller than 500 cm -1 , the characteristic Eu 2 O 3 vibration band has not been observed in Fig. 2 . However, the presence of Eu in the material has been confirmed by XRF results (Fig. 3 ). On the other hand, as the Eu substitution increases, the intensity of the band related to the Bi-O symmetrical stretching vibration observed at 855 cm -1 decreases. Additionally, a weak shoulder at 865 cm -1 has been observed in the FTIR spectrum of the Eu 0.5 Bi 0.5 Sr 2 CaCu 3 O 6.5 . The shoulder at the vicinity of 865 cm -1 is related to the vibrations of strongly distorted [BiO 6 ] octahedral units [12] [13] [14] . As shown in Fig. 3 , the fluorescent peaks of Ca, Cu, Bi, and Sr were observed for BiSr 2 CaCu 2 O 6.5 sample between 3.692 and 15.836 keV. In addition to these fluorescent peaks, partially Eu substituted samples exhibited two peaks at 5.846 and 6.456 keV that correspond to Eu. Moreover, as the europium content in the samples increased, the height of the peaks increased. The increase in the height of the peak confirmed the increasing Eu substitution in the samples. The chemical compositions of the samples were also given in Table 1 .
The SEM micrographs of the sintered samples were shown in Fig. 4 . Homogenous morphology and almost equal grain size distribution were observed for BiSr 2 CaCu 2 O 6.5 . As the europium substitution in-creases in the material, the grain size distribution becomes inhomogeneous. Additionally, the well-faceted grain boundaries can be seen in Fig. 4 . The insets in Fig. 4 also show the SEM micrographs of the powder samples. All samples have a layered structure which is made up of plates with different shapes whose average size is between 1-5 µm. also shows the mica-like ceramic structure which is consistent with the mica-like layered building blocks structure characteristic for bismuth-containing ceramics [15] . The well-faceted grain boundaries can be seen in Fig. 4 . Moreover, as shown in Fig. 4c The total weight losses of the samples after the heating process up to 820°C were given in Fig. 5 . According to TG analysis, as the amount of Eu increases in the material, the total weight loss decreases from 4.37% to 3.51%. In this context, Eu substitution increased the thermal stability of the Bi-Sr-Ca-Cu-O in the related temperature interval. On the other hand, while one step pattern of thermal degradation was observed for the BiSr 2 CaCu 2 O 6.5 sample, two-steps pattern was determined for the Eu substituted BiSr 2 CaCu 2 O 6.5 .
The XRD patterns and the Miller indices of the crystal planes' reflections were shown in Fig. 6 . Additionally, an impurity phase associated with CuO has been indexed by star symbol in the XRD patterns. As shown in Fig. 6 , similar to other Bibased phases such as (Bi,Pb)Sr 2 (Y,Ca)Cu 2 O 7-z [16] and (Tl,Bi)Sr 2 (Ca,Y)Cu 2 O 7 [17] , it was found that BiSr 2 CaCu 2 O 6.5 and the Eu-substituted samples crystallize in tetragonal structure. Additionally, the diffraction peaks shifted towards higher 2θ angles with increasing Eu substitution. The similar peak shift was also reported for the Eu substituted Bi 1. 6 
Dielectric properties
The complex dielectric function ε * is defined by:
where ε ′ and ε ′′ are the real and imaginary components of the complex dielectric function, respectively. While the real part of ε * represents the charge storage ability of the dielectric material, the imaginary component of ε * determines the dielectric loss. The frequency dependencies of the real and imaginary parts of the complex dielectric function of the samples at room temperature were given in Figs. 7a and 7b, respectively. As shown in Fig. 7a , ε ′ value increased with increasing heavy rare earth element (i.e. Eu) concentration. On the other hand, dielectric loss (ε ′′ ) value decreased considerably with increasing europium content in the material (Fig. 7b ). It was determined that while the real part of the complex dielectric function is increased 3.8 times for x = 0.5 Eu substitution, dielectric loss is decreased 32 times at room temperature. From this point of view, the highest charge storage ability with the lowest dielectric loss at room temperature was obtained for Eu 0.5 Bi 0.5 Sr 2 CaCu 3 O 6.5 ceramics. In this context, it was suggested that Eu 0.5 Bi 0.5 Sr 2 CaCu 3 O 6.5 ceramics may be used as a good insulating material for capacitor applications.
ε ′′ versus frequency curves of the samples given in Fig. 7b showed similar behaviour with increasing frequency. The most important feature of the material is the decrease of the dielectric loss by 100 times with substituting europium in the BiSr 2 CaCu 2 O 6.5 system. According to Feng et al. [23] the decrease in the dielectric loss in "ILBC dielectric material" can be associated with the increase of conductivity in the (Eu/Bi)-Sr-Ca-Cu-O grain/subgrain. In this context, europium substitution achieved to increase the resistivity of the insulating barriers in the materials which leads to the increase of grain boundary resistance at low frequency. This prediction was also confirmed by complex impedance measurements.
Electrical modulus properties
To distinguish localized dielectric relaxation process from long range conductivity, complex dielectric and electrical modulus graphics of the samples were also compared.
As it is known, complex electrical modulus, M * , is defined as:
The frequency dependences of the real and imaginary components of the complex electrical modulus of the Fig. 8a and 8b , respectively. The frequency dependences of the real part of the complex electrical modulus of the samples displayed frequency independent behaviour from low frequencies to mid-frequencies with zero value and showed increasing behaviour at high frequencies.
Approximately zero value of M ′ at low frequencies also verified the removal of electrode polarization effect and indicated the conduction phenomena due to the long-range mobility of charge carriers in the material [26, 27] . On the other hand, M ′′ showed frequency independent plateau for the low frequencies, then increased with the increase of frequency, displayed a peak and finally it decreased with frequency. In addition, the asymmetric modulus peak appearing in M ′′ versus frequency curve shifted towards the lower frequencies with increasing europium substitution. The shift of modulus peak to the lower frequencies due to the increased europium substitution represented the range of frequencies in which the ions are capable of moving at long distances by performing hopping from one site to the neighbouring ones [28, 29] . In addition, pure conduction process manifests itself as an occurrence of a peak only in M ′′ = f (ω) spectra. On the other hand, localized dielectric relaxation process is characterized by the appearance of peaks in both ε ′′ = f (ω) and M ′′ = f (ω) spectra [30] [31] [32] . In this context, the comparison of Figs. 7b and 8b revealed that the samples exhibited pure conduction process.
In general, the Cole-Cole plot in complex electrical modulus plane is more effective for determining the contribution from grains and grain boundaries. Due to this reason, the Cole-Cole plots in complex electrical modulus plane of the samples have also been investigated ( Fig. 9 ). As it is seen, the complex electric modulus spectra of the samples did not constitute a complete semicircle. Instead of complete semicircles, the samples displayed deformed arcs whose centres were positioned below the real axis. This behaviour of the Cole-Cole plots also indicated the non-Debye type of relaxation process. Moreover, while pure BiSr 2 CaCu 2 O 6.5 displayed strong grain effect due to the observation of approximately single deformed semicircle, europium substituted BiSr 2 CaCu 2 O 6.5 samples displayed both grain and grain boundary effects at the high and low frequencies, respectively.
The temperature dependence of M ′′ versus frequency curves were given in Figs. 10a, 10b and 10c for the BiSr 2 CaCu 2 O 6.5 , Eu 0.3 Bi 0.7 Sr 2 CaCu 3 O 6.5 and Eu 0.5 Bi 0.5 Sr 2 CaCu 3 O 6.5 , respectively. It was clearly observed that M ′′ peak shifts to the high-frequency region with increasing temperature from 293 K to 433 K for all samples. This characteristic behaviour of M ′′ versus frequency curves implied the temperature-activated relaxation process which can be attributed to the Maxwell-Wagner type polarization effect. The Maxwell-Wagner type polarization of the samples was also suggested in the dielectric results section. It indicates that the grain boundaries have a crucial influence on the dielectric properties of the material investigated [33, 34] .
Temperature dependence of the relaxation time (τ) was investigated by determining relaxation frequencies ( f r ) at which the maximum M ′′ is observed. Relaxation time was calculated by the relation τ = 1/2π f r . The activation energies of the samples were calculated from the slope of the Arrhenius plot of relaxation time given in Fig. 10d . The Arrhenius equation is described by:
where E a represents the activation energy, τ 0 is the mean relaxation time and k B is the Boltzmann constant. As shown in Fig. 10d , activation energy increased with increasing Eu substitution. The increase in activation energy can be attributed to the fact that the conduction process is getting harder by Eu substitution which results in obtaining better insulating material with a higher ε ′ value.
3.4. Impedance spectra of the samples In Fig. 11 , the frequency dependences of the real and imaginary component of the impedance together with the Cole-Cole plots were shown.
Z ′ = f (ω) curves of the samples exhibited three different behaviours with increasing frequency (Fig. 11a) : approximately frequency independent plateau, decreasing Z ′ with increasing frequency and approach to the lowest value of Z ′ at high-frequency region. The decrease of Z ′ values with increasing frequency can be interpreted as an enhancement of the mobility of charge carriers. In addition, merging of the same Z ′ values at high frequency for all samples indicated the existence of space charge polarization in the material [35] . On the other hand, it was determined that Z ′ values at low and mid-frequency region considerably increases with europium substitution. This means that Eu substitution increases grain boundary resistance which results in the increase of the real part complex dielectric function. The similar results were reported for CaTiO 3 and ZrO 2 doping in CaCuTiO 14 ceramics [36, 37] . As shown in Fig. 11b , the absolute value of the imaginary component of complex impedance function of all samples showed an increasing behaviour with increasing frequency up to the certain frequency, then started to decrease and reached its minimum value. The critical frequency at which maximum Z ′′ is observed shifted from 164.14 kHz to 4.06 kHz with increasing europium substitution in BiSr 2 CaCu 2 O 6.5 .
The Cole-Cole plots, shown in Fig. 11c , have a depressed semicircular arc which can be fitted by considering both the grain and grain boundary contributions. The depressed semicircle also implies the non-Debye type of relaxation in the samples. While the low and mid-frequency arcs correspond to the grain boundary effect, the high-frequency one is due to the grain contribution. As it is illustrated in Fig. 11c , the equivalent circuit of the samples can be modelled by considering both contributions with a serial combination of two parallel combinations of a resistor and constant phase element (CPE). In our situation, the curves were fitted with parallel resistances (R) and constant phase elements (CPEs) instead of parallelly connected R and C elements since CPE is used to evaluate the Non-Debye type relaxation. In the equivalent circuit, one parallelly connected R and CPE pair corresponds to the grain effect, the other one represents the grain boundary effect. The related equivalent circuit parameters were given in Table 2 . The presented data confirmed that the grain boundaries are more resistive and capacitive than the grains for each sample. On the other hand, it was also determined that as the Eu substitution increases, R g and R gb values increase while C g and C gb values decrease.
IV. Conclusions
In this work, europium substituted BiSr 2 CaCu 2 O 6.5 ceramic samples were synthesized for the first time. The pure and europium substituted BiSr 2 CaCu 2 O 6.5 samples, sintered at 950°C for 24 h, were characterized in terms of their chemical compositions, microstructures and morphologies. Dielectric properties were investi-gated between 1 Hz and 40 MHz varying from room temperature to 433 K. Dielectric measurements revealed that Eu 0.5 Bi 0.5 Sr 2 CaCu 3 O 6.5 sample exhibits a higher dielectric constant and lower dielectric loss relative to BiSr 2 CaCu 2 O 6.5 . In this context, partial europium substitution into BiSr 2 CaCu 2 O 6.5 system was suggested as an effective dopant for obtaining better dielectric material with the lower dielectric loss. The results have also been confirmed by analysis of the temperature dependent complex electrical modulus of the samples. The temperature dependence of the relaxation time analysis pointed out that partially europium substitution increased the activation energies which resulted in a harder conduction process in the material that causes to obtain a high dielectric constant material. Ultimately, Eu 0.5 Bi 0.5 Sr 2 CaCu 3 O 6.5 material may have a promising potential for capacitor applications which require high dielectric constant with the low dielectric loss.
